Dear Editor,
Receptor-like kinases (RLKs) constitute the major family of cell surface-associated receptors in plants and play essential roles in perceiving extracellular signals [1] . Over two hundred members of the largest subfamily of RLKs that contain leucine-rich repeat extracellular domains (LRR-RLK) are found in Arabidopsis, among which BRI1-associated kinase 1 (BAK1) is one of the best studied. BAK1 was initially identified based on its association with the LRR-RLK BRI1, which perceives brassinosteroid, an important hormone that regulates a wide range of developmental and physiological processes in plants [2] . BAK1 also serves as a co-receptor for several other LRR-RLKs that perceive pathogen-associated molecular patterns (PAMPs), including flagellin-sensing 2 (FLS2) and elongation factor EF-Tu receptor [3, 4] , and is therefore required for the innate immunity of plants. The reciprocal phosphorylation on the cytoplasmic domains of BAK1 and the ligand-binding RLKs in the complex is a prerequisite for the full activation of the receptor kinase [5] . The crystal structure of BAK1 complexed with AvrPtoB, which is an effector secreted by Pseudomonas syringae pv. Tomato to suppress PAMPtriggered immunity, recently revealed the mechanism by which BAK1 activity is inhibited [6] . However, the mechanism for BAK1 activation, particularly the impact of phosphorylation of key residues on BAK1 activation, remains unclear.
In the present study, we report the crystal structure of the fully phosphorylated BAK1 cytoplasmic domain (BAK1-CD) (residues 259-583) complexed with an ATP analog ( Figure 1 , Supplementary information, Figures S1 and S2). Combined with quantitative mass spectrometry (MS) analysis of the impact of specific phosphorylated residues on BAK1 activation and further phosphorylation of FLS2, our structure indicates the essential roles of the phosphorylation in BAK1 activation; in particular, the phosphorylations of T450 and T455 have stronger functional impact than other phosphorylated residues by stabilizing key motifs of the BAK1 kinase.
The core BAK1 kinase domain has the canonical bilobal structural architecture of a protein kinase family with N-and C-lobes. The extra N-terminal portion (G272-N291) forms a long extension, followed by a short helix (αB), which caps the top of the twisted β-sheets in the N-lobe. The C-lobe is predominantly α-helical, containing eight α-helices and two β-strands. The activation loop (D434-E462), which is restricted by the highly conserved DGF and APE motifs, attaches to the N-lobe and presents a fully extended architecture like that in other known active kinase structures [7, 8] . A well-ordered adenylyl imidodiphosphate (AMP-PNP) molecule binds with the canonical ATP-binding pocket. No cation is present in the structure, even though sufficient amounts of magnesium have been supplied in the purification and crystallization buffers.
A key feature of the kinase activation loop is the localization of phosphorylated residues that mediate the kinase functions. The activation loop of BAK1 contains four phosphorylation sites, namely, T446, T449, T450, and T455, that are essential for its biological functions [5] . These sites were evidently shown by the electron density and the specific localization was verified via MS analysis, in particular, the phosphorylation of T455 was first identified using crystallographic data (Supplementary information, Table S1 and Figure S3 ). All phosphorylated residues form strong hydrogen bonds or salt bridges with residues in the activation loop, the catalytic loop, or the C-lobe through their phosphate moiety, indicating their important role in determining the correct conformation of BAK1-CD. Phosphorylated T450 (pT450) is oriented toward the kinase core and is trapped in a positively charged pocket formed by R415-K439-R453 ( Figure  1C ). The interaction between the phosphate moiety of pT450 and R415, which is located at the catalytic loop and precedes the catalytic base D416, appears to play a key role in stabilizing the catalytic loop. R415 also forms a hydrogen bond with Y463, which is clamped by R415 and A451. This observation provides a structural explanation for the complete abolishment of BAK1 autophosphorylation by the Y463F mutation in vitro [9] . pT450
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npg also interacts with K439 and R453, which are located on the two sides of the activation loop, and presumably facilitate the correct conformation of the activation loop. All these interactions with pT450 contribute to the correct orientation of and electrostatic environment for the catalytic base, as well as the proper active orientation of the αC helix. Phosphorylated T455 (pT455) is recognized as one of the most important phosphorylated sites for BAK1 functions [5] . In the BAK1-CD structure, pT455 forms hydrogen bonds with the nitrogen atom of G457 and the imidazole group of H458 through its phosphate group, thereby enhancing the stability of the activation loop ( Figure 1D ). Moreover, the hydrogen-bonding interaction between pT455 and K418 indicates that pT455 is also involved in bridging the catalytic and activation loops to promote kinase activity. The phosphate moieties of pT446 and pT449 fold outward from the kinase core and interact with the backbone amino group and imidazole moiety of H447 to stabilize the conformation of the activation loop ( Figure 1E ). These structural observations suggest a critical role of the phosphorylated residues in BAK1 activity by stabilizing the conformation of its key motifs, given that the correct conformation of the activation and catalytic loops is essential for the kinase activity [10] . A well-positioned ATP is one of the crucial features of a kinase catalytic machinery. In the BAK1-CD-AMP-PNP binary complex structure, L295, Y363-M366, and L423 form a deep cavity to clamp the adenine group of AMP-PNP (Supplementary information, Figure S4 ). The functional importance of the ATP-binding motif is demonstrated by the complete loss of autophosphorylation activity upon mutation of the Y363 residue (Supplementary information, Figure S5 ). A glycine-rich nucleotidebinding loop (R297-K302), called the P-loop, contributes to the stabilization of the bound AMP-PNP by interacting with the phosphate groups of AMP-PNP. One solventmediated hydrogen bond is observed between the backbone carbonyl atom of R297 and the β-phosphate ( Figure  1F) . A similar observation on the lack of interaction between the bound ATP or AMP-PNP molecule and the P-loop was reported in the crystal structure of insulin receptor tyrosine kinase (IRK) [10] (Supplementary information, Figure S6D ). By contrast, the P-loops of the cAMP-dependent protein kinase (cAPK) (Supplementary information, Figure S6B ) and the γ-subunit of phosphorylase kinase (PHK) (Supplementary information, Figure  S6C ) significantly contribute to the stabilization of the β-and γ-phosphates of ATP [11] . This phenomenon indicates the variations in the stabilization of ATP binding by the P-loop of different kinase family members. In addition to the interactions with the P-loop, two linkages involving the α-phosphate are formed with D434 of the activation loop and K317.
The catalytic base D416, together with K418 and D434, is found above the γ-phosphate group of AMP-PNP at the top of a pyramid-shaped interaction network. Notably, no cations are bound to the catalytic base D416 at the active center even though a sufficient amount of magnesium has been supplied (Supplementary information, Figure S7 ). Instead, two solvent molecules replace the metal ions and mediate the interactions between AMP-PNP and the catalytic residues. In the structures of cAPK, PHK, and IRK, the bound metal ions form direct bonds with the phosphate groups of ATP and the catalytic residues. These observations suggest that the mechanisms for the catalytic activity of BAK1 be less similar with other kinases.
The conservation of the sequence and structural features between BAK1-CD and IRK [12] and PHK [13] indicates similar characteristics of the substrate-binding sites. In our study, FLS2 was phosphorylated by BAK1-CD in vitro (Supplementary information, Table S2A ). Hence, the sequence around one transphosphorylation residue, S1014 of FLS2 ( 1011 AHVSD 1015 ), was used to build a BAK1-CD complex model. S1014 of FLS2 is located at the P(0) position, and the P(-3) to P(-1) sites fit the substrate pocket shape well in terms of complementarity and interactions. pT455 is positioned at the P(-2) site of the BAK1-CD substrate-binding site, and the phosphate of pT455 is likely to form hydrophilic connections with the substrate peptide ( Figure 1G ). Although this threonine residue is highly conserved in serine/threonine kinases, the direct structural evidence for the phosphorylation of this residue is only observed in BAK1-CD. Previous results have revealed that the substitution of K317 in the catalytic core and the mutation of T455 can significantly impair or abolish the transphosphorylation activity of BAK1. In the BAK1-CD-AMP-PNP structure, K317 interacts with the α-phosphate of AMP-PNP through solvent-mediated hydrogen bonding; however, this interaction occurs far from the substrate-binding groove, which is consistent with the previously reported result that mutations at K317 did not affect the binding affinity of BAK1 to BRI1 [2] .
We further examined the site-specific impact of the phosphorylated residues on BAK1 activation using quantitative MS-based assays with high mass accuracy measurements (< 10 ppm) (Supplementary information, Table S3 and Figure S8 ) to quantitatively evaluate their contributions and determine if phosphorylation occurs in an interdependent manner. Eleven residues in the BAK1-CD catalytic or activation loop were point mutated, including all four threonine residues in the activation loop Table S4 ). Given their central roles in enzymatic catalysis, substitutions of D416 and N421 with alanine prevented phosphorylation on all six phosphorylated sites in BAK1-CD. The T450A and R415A mutants also lost nearly all phosphorylation activity at different sites, as can be inferred from the critical roles of pT450 and R415 in bridging the catalytic and activation loops ( Figure 1C ). The substitution of another structurally critical residue, T455, with alanine led to an almost complete disruption of the phosphorylation activity. The slightly retained phosphorylation levels on S290 and T312 in the T455A mutant suggest the less important functions of these two residues compared with those of the other four in the activation loop. The T446A mutant showed a more profound effect in reducing the overall autophosphorylation levels than T449A, even though both of the phosphorylated residues interact with H447 and presumably stabilize the conformation of the activation loop. This difference in effect may have stemmed from the additional role of pT446 in the interaction with K468. The H458A mutant eliminated the phosphorylation activity across all six S/T sites. By contrast, the H447A mutant in the activation loop retained a significant portion of phosphorylation on most of the sites examined. The mutants on the residues adjacent to the activation loop (K439A and R453A) retained most of the phosphorylation activity on certain sites, indicating their subtler role in regulating the phosphorylation activity than key residues in the activation loop. FLS2 forms a complex with BAK1 in vivo to trigger the innate immunity of plants when flagellin is detected. We chose this protein to examine further the roles of BAK1 phosphorylation in mediating the activation of an immunity-related LRR-RLK. FLS2-CD showed distinct phosphorylation signals on several sites of the juxtamembrane domain and CD regions upon treatment with BAK1-CD (Supplementary information, Table S2A and Figure S9 ). This is the first report of in vitro transphosphorylation of FLS2 by BAK1. Moreover, the substitution of D416 in BAK1 resulted in the complete loss of phosphorylation activity toward FLS2, which is consistent with the central role of D416 in kinase reactions (Supplementary information, Table S2B ). Mutations of T450 and T455 to alanine eliminated the FLS2 phosphorylation signals, thereby emphasizing the essential roles of these two residues in regulating the transphosphorylation activity of BAK1. By contrast, the T449A and T446A mutants retained most of their transphosphorylation activity toward FLS2; this result is consistent with that of their autophosphorylation activity, which was also partially retained. The transphosphorylation activity of the T449A mutant was significantly higher than that of T446A, which is consistent with the difference in their autophosphorylation activities. The different activities of the two mutants support our structure-derived hypothesis that pT446 plays an additional role in the overall folding of BAK1-CD.
In summary, our study has provided a structural basis for understanding the essential roles of BAK1 phosphorylation in its kinase functions. The crystal structure indicates that certain phosphorylated residues (T450 and T455) have stronger functional effects than other phosphorylated residues by interacting with both the catalytic and activation loops to achieve a conformational stability. The distinct impact of specific phosphorylated residues on BAK1 activation and further phosphorylation of FLS2 was determined via quantitative MS analysis. The phosphorylation of BAK1 in planta is likely initiated by the interaction with its partners, such as BRI1 or FLS2. Our study has provided clear structural evidence to support the previous speculation [5] that the initial phosphorylation of the BAK1 activation loop locks BAK1 kinase in the active conformation. BAK1 in turn phosphorylates and fully activates the ligand-binding RLK, which phosphorylates downstream substrates for signal transduction and the development of the innate immune responses of plants [14, 15] .
